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Abstract 
Based on the experimental results, this study demonstrates that increasing the 
laser scanning speed effectively refines the microstructure of the fabricated 
samples, resulting in finer needle-like martensite and reduced carbide size. 
Although the average surface hardness decreases due to incomplete austenite-
to-martensite transformation at higher speeds, the wear resistance improves 
significantly. The sample produced with a higher laser scanning speed exhibits 
the lowest wear volume, which contradicts the conventional hardness-depend-
ent wear behavior. This enhancement is attributed to the refined microstruc-
ture, which strengthens resistance to micro-cutting and provides better load 
support during sliding wear. The findings suggest that microstructural refine-
ment plays a more critical role than hardness in enhancing wear performance 
under the tested conditions. 
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1. Introduction 

High-speed laser cladding (HSLC) has recently emerged as a transformative addi-
tive manufacturing technology within the field of surface engineering [1]-[3]. Un-
like conventional laser cladding (CLC), HSLC operates at substantially higher rela-
tive speeds between the cladding head and the substrate, combined with precise con-
trol of beam-powder interactions. This process facilitates rapid solidification under 
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extremely high throughput conditions [4]. A key characteristic of HSLC is its capac-
ity to produce metallurgically bonded coatings that are significantly thinner, exhibit 
minimal dilution, demonstrate superior surface quality, and introduce markedly re-
duced thermal input into the substrate [5]. These attributes render HSLC particu-
larly suitable for applications such as the repair of precision components, the depo-
sition of high-performance thin protective layers, and the fabrication of functionally 
graded materials [6]. 

M2 high-speed steel, a representative high-carbon and high-alloy material, is 
extensively employed in the production of cutting tools, molds, and other criti-
cal components that demand superior wear resistance [7]-[9]. This is attributed 
to its martensitic matrix, which is strengthened through the addition of strong 
carbide-forming elements such as W, Mo, V, and Cr [10]. These elements facil-
itate the precipitation of hard carbides (e.g., M₆C and MC types) following suit-
able heat treatment. However, the application of conventional laser cladding to 
fabricate M2 coatings faces considerable limitations. The process inherently in-
volves high thermal input and comparatively low cooling rates, which tend to 
produce coarse dendritic microstructures, significant elemental segregation, and 
potential defects including cracks and porosity [11]. Moreover, excessive dilu-
tion can lead to deviations in the chemical composition of the clad layer, thereby 
adversely affecting its performance. These microstructural deficiencies ultimately 
restrict the improvement of mechanical properties and wear resistance in the 
deposited layer. 

Although numerous studies have aimed at optimizing CLC process param-
eters for M2 coatings to alleviate these drawbacks, the inherent limitations of 
the technique remain challenging to fully overcome [12]. In contrast, HSLC 
offers a novel approach for microstructural control in M2 coatings, character-
ized by its extremely high cooling rates and reduced thermal input. Theoreti-
cally, HSLC is expected to promote substantial refinement of grains and car-
bides, diminish elemental segregation, and facilitate the formation of a more 
uniform and denser microstructure [13]-[15]. These advantages could lead to 
enhanced hardness, improved toughness, and superior wear resistance. How-
ever, systematic research on the application of HSLC to fabricate M2 high-
speed steel coatings is still limited. There is a notable absence of direct and 
quantitative comparative studies that elucidate the microstructural and tribo-
logical differences between M2 coatings produced by HSLC and those fabri-
cated by CLC. 

Therefore, this study conducts a systematic comparative investigation to exam-
ine the differences in microstructure and wear resistance between M2 coatings 
fabricated by HSLC and CLC. The work aims to establish intrinsic correlations 
between the cladding process, the resulting microstructure, and the final perfor-
mance properties. The findings are anticipated to provide a robust theoretical ba-
sis and experimental support for the application of HSLC in producing high-per-
formance coatings. 
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2. Experimental details 
2.1. Raw Materials 

The laser cladding experiments were conducted using commercial M2 high-speed 
steel powders with a particle size distribution of 75 - 120 μm and #45 steel as the 
substrate. The chemical compositions of both the powder and the substrate are 
provided in Table 1. Prior to processing, the M2 powders were dried in a vacuum 
oven at 120˚C for 2 hours to reduce moisture, while the substrate surface was 
thoroughly cleaned with absolute ethanol to eliminate contaminants. 

 
Table 1. Chemical composition (wt.%) of the powders and substrate used in this study. 

Material Fe Cr W Mo V C Mn Si 

Powders Bal. 4.22 6.28 5.21 1.88 0.83 0.33 0.34 

Substrate Bal. 0.2 - - - 0.46 0.74 0.25 

2.2. Fabrication Processes 

Laser cladding experiments were performed using a self-developed system equipped 
with a continuous-wave IPG YLR-6000 fiber laser (6 kW). A schematic diagram 
of the experimental setup is presented in Figure 1. All samples were produced under 
consistently optimized processing parameters. For the CLC coating, the laser power 
was set to 2400 W, with a spot diameter of 3 mm, a scanning speed of 1 m/min, an 
overlap rate of 50%, and a powder feed rate of 8 g/min. The HSLC process differed 
primarily in the scanning speed, which was increased to 10 m/min. All samples were 
allowed to cool naturally at room temperature through heat dissipation. 

 

 
Figure 1. Schematic diagram of the laser cladding process. 

2.3. Microstructural Characterization and Wear Test 

Samples sectioned from the coatings were prepared for microstructural analysis 
through grinding, polishing, and etching with aqua regia for 5 seconds. Micro-
structural characterization was carried out using scanning electron microscopy 
(SEM). The microhardness profiles across the coating cross-sections were meas-
ured with a Vickers microhardness tester (model: Vickers-1000) under a load of 
1 kg applied for a dwell time of 15 seconds. 

To evaluate tribological performance, reciprocating sliding wear tests were 
conducted at room temperature under dry conditions. Wear test specimens with 
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dimensions of 10 × 10 mm2 in cross-section and 6 mm in height were extracted 
from the coating surface. An Al2O3 ball with a diameter of 6 mm was used as the 
counter body. The test parameters included an applied load of 30 N, a reciprocat-
ing speed of 10 mm/s, a stroke length of 5 mm, and a total duration of 30 minutes. 
The wear tracks were subsequently analyzed using a three-dimensional confocal 
laser scanning microscope (CLSM) to quantify wear volume and examine surface 
morphology. 

3. Results 
3.1. Microstructure 

Figure 2 displays SEM micrographs of the coatings produced by different laser 
cladding techniques. The microstructure of all samples is composed of martensite 
(appearing in grey) and an interconnected network of carbides (exhibiting bright 
contrast). Notably, the sizes of both martensitic structures and carbides decrease 
with increasing laser scanning speed. In addition, the morphology of martensite 
transitions from coarse and bulky to a finer, needle-like form. 

 

 
Figure 2. SEM images of samples: (a) CLC; (b) HSLC. 

3.2. Hardness and Wear Performance of Samples 

Figure 3 summarizes the Vickers hardness profiles of the coatings along the depth 
direction. The uniformity of hardness distribution reflects the structural stability 
of the coating under wear conditions, while the average surface hardness corre-
lates directly with wear resistance. As shown in Figure 3, all samples exhibit a 
relatively uniform hardness distribution along the depth, indicating good struc-
tural stability against wear. However, the average surface hardness decreases as 
the laser scanning speed increases from 1 m/min to 10 m/min. The measured av-
erage surface hardness values are (692.25 ± 23.82) HV for the lower speed and 
(657.29 ± 17.03) HV for the higher speed. This reduction is primarily attributed 
to the incomplete transformation from austenite to martensite, which results from 
the higher cooling rates associated with increased scanning speed. 

Figure 4 presents the coefficient of friction (COF) curves obtained during dry 
sliding wear tests. The COF evolution can be divided into two distinct stages: a 
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running-in stage and a steady-state stage. The contact area between the Al₂O₃ ball 
and the sample surface significantly influences the frictional behavior, with a larger 
contact area generally corresponding to a higher COF. 

 

 
Figure 3. Vicker hardness along the depth (a) and average surface hardness (b) of samples. 

 

 
Figure 4. COF curves for dry friction of samples. 
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During the running-in stage, initial contact causes preferential wear of the softer 
martensitic phase compared to the harder carbides. The resulting wear-induced 
expansion of the contact area leads to a rapid rise in the COF. As sliding continues, 
plastic deformation generates wear debris. The wear process enters the steady-
state stage when a dynamic equilibrium is established between debris generation 
and its expulsion from the contact zone. The average steady-state COF values for 
the samples are 0.44 ± 0.08 and 0.42 ± 0.08, respectively. 

Figure 5 and Figure 6 present the three-dimensional morphology and two-di-
mensional cross-sectional profiles of the wear tracks, respectively. The 3D images 
reveal the presence of furrows aligned parallel to the sliding direction in all sam-
ples. As the scanning speed increases, the maximum width and depth of the wear 
tracks decrease. This trend, however, contrasts with the decrease in hardness ob-
served at higher scanning speeds. The wear volume of the tracks can be calculated 
using the following equation [16]. 

 

 
Figure 5. 3D morphology of the wear tracks in dry friction tests. 

 

 
Figure 6. The 2D cross-section profiles (a) and feature (b) of the wear tracks in dry friction 
tests. 
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V = Wq.avg × S 

where V represents the wear volume, Wq.avg denotes the average cross-sectional 
wear area, and S is the total reciprocating sliding distance. The calculated wear 
volumes for the samples are 0.29 mm3 and 0.24 mm3, respectively. Contrary to 
trends commonly reported in previous studies, the wear volume does not increase 
with decreasing hardness. The sample produced by HSLC exhibits the lowest vol-
ume loss. This behavior can be attributed to the refined martensitic matrix and 
carbide distribution, which enhance load-bearing capacity and mitigate the mi-
cro-cutting effect during wear. 

4. Conclusion 

The study demonstrates that increasing the laser scanning speed significantly re-
fines the microstructure, transforming coarse bulk martensite into a finer, needle-
like morphology and reducing the size of both martensite and carbides. Although 
this microstructural refinement results in a slight reduction in average surface 
hardness—attributed to the incomplete transformation of austenite to marten-
site—it markedly improves the wear resistance of the coating. This apparent con-
tradiction is resolved by the refined microstructure, in which the finer martensite 
and well-distributed carbides enhance the load-bearing capacity and reduce mi-
cro-cutting during sliding wear, thereby leading to superior tribological perfor-
mance. 
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